Objectives To develop and evaluate a fully automatic method to measure diameters of the ascending and descending aorta on non-ECG-gated, non-contrast computed tomography (CT) scans. Material and methods The method combines multi-atlas registration to obtain seed points, aorta centerline extraction, and an optimal surface segmentation approach to extract the aorta surface around the centerline. From the extracted 3D aorta segmentation, the diameter of the ascending and descending aorta was calculated at cross-sectional slices perpendicular to the extracted centerline, at the level of the pulmonary artery bifurcation, and at 1-cm intervals up to 3 cm above and below this level. Agreement with manual annotations was evaluated by dice similarity coefficient (DSC) for segmentation overlap, mean surface distance (MSD), and intra-class correlation (ICC) of diameters on 100 CT scans from a lung cancer screening trial. Repeatability of the diameter measurements was evaluated on 617 baseline-one year follow-up CT scan pairs. Results The agreement between manual and automatic segmentations was good with 0.95 ± 0.01 DSC and 0.56 ± 0.08 mm MSD. ICC between the diameters derived from manual and from automatic segmentations was 0.97, with the per-level ICC ranging from 0.87 to 0.94. An ICC of 0.98 for all measurements and per-level ICC ranging from 0.91 to 0.96 were obtained for repeatability. Conclusion This fully automatic method can assess diameters in the thoracic aorta reliably even in non-ECG-gated, non-contrast CT scans. This could be a promising tool to assess aorta dilatation in screening and in clinical practice. Key Points • Fully automatic method to assess thoracic aorta diameters.
Introduction
Aortic aneurysm with the risk of acute dissection is an important cause of mortality in the western world [1] . The prevalence of thoracic aortic aneurysms is estimated around 0.3% in the normal population [2, 3] . Most patients with a dilated aorta or aortic aneurysm are asymptomatic. The diagnosis can be made as during screening in the context of a positive family history or by coincidence on imaging examinations performed for other purposes like lung cancer screening [4] . However, acute dissection is often the first presentation, in which case over 50% of all patients die within 30 days [5] .
Because of this silent process with high risks, screening programs using non-contrast computed tomography (CT) could be considered. In patients with aortic aneurysms, the aortic size has a profound impact on the risk of dissection [6, 7] . Detecting aortic dilatation at an early stage enables preventive surgery, which might save lives. CT imaging of the thoracic aorta could become available as part of a comprehensive assessment of CT imaging performed for screening purposes including also other organs (lungs, coronary calcium, vertebral bone density, etc.) [4] .
By measuring aortic dimensions in such screening cohorts we will also gain more information on normal values of aortic diameters, normal increase in diameters over time, and risk factors for dilatation, and a better insight in prognosis.
Besides its potential in screening, non-contrast CT is frequently used in diagnosis and follow-up of patients in clinical practice. It plays a central role in the imaging of the thoracic aorta because of the short time required for image acquisition, the ability to obtain a complete 3D view of the entire aorta, and its widespread availability. CT scans can be used for follow-up of patients with dilatation, especially in cases where echocardiography does not adequately visualize the dilatation. The ESC Guidelines and ACCF/AHA guidelines [8, 9] describe standard anatomical landmarks for reporting aortic diameters in CT in clinical practice.
Performing measurements of the aorta manually is labor intensive and subject to inter-observer variability. To assess aortic dilatation both in screening settings and in clinical practice, automated aorta segmentation and subsequent diameter analysis are therefore desirable. While automatic solutions for aortic measurements in CT angiography (CTA) exist [10] [11] [12] [13] [14] , automatic aorta segmentation in non-contrast CT scans is more challenging due to the lack of contrast between blood pool regions and surrounding soft tissue [15] [16] [17] [18] [19] .
The aim of the current study is to develop and validate an automatic method to robustly assess diameters of the ascending and descending aorta in non-ECG-gated, non-contrast CT without human interaction.
Materials and methods

Study population and image acquisition
The CT scans used in this study are from the Danish Lung Cancer Screening Trial [20] . A multi-detector CT scanner (Mx 8000 IDT 16 row scanner, Philips Medical Systems) was used to acquire CT scans at 120 kV/40 mAs at maximum inspiration breath hold and without cardiac gating. This protocol leads to an effective dose of around 1 mSv [21] . The scans were reconstructed with a sharp kernel (Philips D), in-plane isotropic resolution of 0.78 × 0.78 mm, and 1-mm slice thickness. Participants were current or former smokers between 50 and 70 years of age. For this study, 742 participants were randomly selected, which were divided into three nonoverlapping sets (see supplementary Table S1 for clinical characteristics of the entire data):
& Baseline scans of 25 subjects for parameter optimization of the proposed method & Baseline scans of 100 subjects for evaluation of the method's accuracy (see Table 1 ) & Baseline and first-year follow-up scans of 617 subjects to evaluate the repeatability of the method Therefore, aortic diameter measurements were performed in 1334 CT scans in total.
Manual annotation
Manual annotations were made using an in-house annotation tool developed in MeVisLab. One hundred CT scans were annotated by a physician (LB) for validation and an additional 25 scans by an experienced observer (ZSG) for method development. The annotation tool was similar to that described previously for carotid artery segmentation in [22] . First, the window level/width was adjusted to 200 HU/600 HU, for all cases. Then, the aortic centerlines were drawn manually using the axial, coronal, and sagittal views, starting from the sinotubular junction of the ascending aorta and ending at the diaphragm level of the descending aorta. Subsequently, the centerlines were checked and modified in reformatted crosssectional views perpendicular to the drawn centerline. The obtained centerlines were used to generate curved multi-planar reformatted images of the entire aorta, with longitudinal views at six different angles equally spaced every 30°and cross-sectional views every 1 mm along the centerline. Longitudinal contours were drawn manually, whereupon cross-sectional contours were computed using spline interpolation through the intersection points of the longitudinal contours with the cross-sectional planes. Finally, after checking the cross-sectional contours in all cross-sections and adjusting them if required, the contours were converted to a 3D binary image using variational interpolation [23] . An example of manual annotation is shown in Fig. 1 .
To manually locate the pulmonary artery bifurcation level, an experienced physician (DB) checked the scans in axial view and annotated the pulmonary artery bifurcation level where the left and right pulmonary arteries and the bifurcation from the pulmonary trunk were all visible.
Automatic aorta segmentation approach
To extract a full 3D segmentation of the aorta and a landmark point for the pulmonary artery bifurcation level, we applied a combination of image processing techniques. First, to avoid the segmentation to attract to the heart-lung or bone borders, we applied preprocessing as proposed in our previous work [24] .
Subsequently, a multi-atlas registration method was applied [25] to localize the aorta, the pulmonary artery trunk, and the left and right pulmonary arteries. In this method, 25 preprocessed CT scans were non-rigidly registered to the scan in which the segmentation was required (target image). From these 25 registered images, the ten with the highest similarity to the target image were selected. The corresponding manual annotations of these ten scans were then deformed and combined using a per voxel majority voting procedure to obtain a coarse initial segmentation of the aorta and pulmonary arteries. The initial segmentation of the pulmonary arteries was then skeletonized, and the slice where main pulmonary artery bifurcates into the left and right pulmonary arteries was extracted as the pulmonary artery bifurcation level. This level is used as the landmark level.
To start tracing the centerline of the aorta, aortic seed points were extracted as the center of mass of the coarse initial aorta segmentation at the axial slice 3 cm beneath the landmark level for the ascending aorta and 6 cm beneath the landmark level for the descending aorta. The aortic centerline was then extracted between these seed points by a minimum cost path tracking algorithm similar to [24] . In this algorithm, the cost function was based on the maximum output of a multi-radius medialness filter in coronal and axial views multiplied with a lumen intensity similarity metric. The centerlines were refined by re-computing the minimum cost path after curved multiplanar reformatting perpendicular to the previous centerline [26] . Failure in the centerline extraction was automatically detected by using the landmark level and the initial pulmonary artery segmentation. Centerlines that did not reach the landmark level or were inside the pulmonary artery segmentation were considered failed extractions and were excluded.
To obtain a first estimate of the aorta, the extracted centerline was dilated using a spherical structuring element with its radius defined by the estimated radius of the aorta obtained from the medialness filter. Subsequently, an optimal surface graph cut segmentation method 1 [27] , initialized by the dilated centerline, was used to accurately extract the surface of the aorta. The parameters for atlas registration, centerline extraction, and graph cut segmentation were tuned to maximize the similarity with manual annotations on 25 CT scans.
Aortic diameter measurement
Aortic diameters were assessed at multiple, fixed levels relative to the pulmonary artery bifurcation level. Based on the extracted pulmonary bifurcation level, thirteen cross-sectional slices were defined perpendicular to the extracted aortic centerline, located at 1-cm intervals around the bifurcation level from 2 cm below this level to 3 cm above for the ascending aorta and from 3 cm above to 3 cm below this level for the descending aorta. For the ascending aorta, the cross-sectional slice at 3 cm below the pulmonary artery bifurcation level was sometimes in the aortic root below the sinotubular junction which the aorta boundaries at the sinus of Valsalva are very unclear due to the lack of gating and contrast. Therefore, no measurements were performed at this level. Figure 2 shows an example of 3D segmentation with the corresponding centerline and four of the measured cross-sections.
The cross-sectional average aortic diameter at each of the 13 cross-sectional slices was computed from manual and automatic segmentations. For the manual segmentations, diameter measurements were performed perpendicular to the manual centerlines and at levels relative to the manually indicated pulmonary artery bifurcation level. For the automatic segmentations, the automatically extracted centerlines and pulmonary artery bifurcation level were used instead.
Validation and statistical analysis
The method was validated on 100 CT scans with manual annotations. The segmentation accuracy was assessed by dice similarity coefficient (DSC) and mean surface distance (MSD). DSC [28] measures the degree of spatial overlap of the automatic segmentation with the manual segmentation, and it ranges between 0 and 1, where higher values indicate higher similarity. MSD shows the symmetric mean surface distance in millimeters between the manual and automatic segmentation surfaces, where lower value is better. The agreement between the manual and automatic segmentations was assessed from 3 cm beneath the landmark level at the ascending aorta to 6 cm beneath this level at the descending aorta. DSC, MSD, aortic diameters, and the error in the diameter were expressed as mean ± standard deviation (range).
The error in the extracted landmark level was assessed by the distance between the manually extracted pulmonary artery bifurcation level and the automatically extracted level in millimeters. The aortic centerlines were automatically checked for failed extractions.
The agreement between the manual and automatic diameter measurements was assessed by (1) intra-class correlation (ICC) based on a single-rating, absolute-agreement, two-way mixed-effects model [29] ; (2) R 2 Pearson's correlation; and (3) Bland-Altman analysis.
Repeatability of the method was assessed by comparing the automatically extracted diameters of two scans of 617 subjects with time period of 1 year in between. Within 1 year, changes in aortic diameters are expected to be small, with 0.1-0.2-mm growth per year in a healthy population [3, 30] . All statistical analyses were done in MATLAB. 1 Available at https://bitbucket.org/opfront/opfront Fig. 2 3D automatic segmentation of the aorta and the corresponding automatic centerline showing cross-sections at the ascending aorta at the pulmonary artery bifurcation level (0 cm AA) and at 2 cm below this level (− 2 cm AA) and at the descending aorta at 3 cm above (+ 3 cm DA) and below (− 3 cm DA) the pulmonary artery bifurcation level Results Figure 3 shows examples of segmentation results. Out of all 1334 CT scans only in two cases, the seed points at the descending aorta were extracted incorrectly. Centerline extraction further failed in seven cases, all of which were easily detected automatically. Average DSC for the entire aorta was 0.95 ± 0.01 (0.92-0.96) and MSD was 0.56 ± 0.08 (0.43-0.93) mm. The mean absolute distance between the manual and automatic landmark level of the pulmonary artery bifurcation was 2.55 ± 1.94 mm, with almost no bias (mean signed distance 0.45 ± 3.18 mm).
Box plots for the average manual and automatic diameters for each measuring level are shown in Fig. 4 . Diameters measured at the different levels, for men and women separately, are shown in Table 2 . High agreement between manually and automatically measured diameters was obtained, with an overall ICC and R 2 Pearson's correlation of 0.97. The level-wise correlations together with the correlations separated per gender are shown in Table 3 (see supplementary Fig. S2 for scatter plots of each measuring level). An average absolute diameter error of 1.09 ± 0.6 mm between manual and automatic diameters was obtained over all measuring levels, which showed a slight underestimation of the automated measurements compared to manual measurements (mean signed error − 0.97 ± 0.8 mm). As shown in box plots of the level-wise diameter errors in Fig. 5 , larger errors (more than 3 mm) were extracted in 8 out of 100 scans. In four cases, a large error occurred due to motion artifacts at the ascending aorta (beneath the landmark level), and in three cases, it occurred at the aortic arch due to branching arteries. In one case, the error was along the entire aorta due to a 6-mm difference between the automatic and manual landmark levels. Bland-Altman plots of manual and automated diameter measurements are given in Fig. 6 . From the 617 subjects used to assess repeatability, 7 subjects had failed centerline or seed point extraction. From the remaining 610 subjects, ICC between the automatic diameters of the scan and rescan of each subject is shown in Table 4 . From these 610 subjects, 72 subjects (12%) had an absolute diameter difference larger than 3 mm between the two time points at any of the measuring levels. In 35 out of 72 cases (48.6%), the segmentations appeared visually correct in both time points. In 17 cases of these 35 cases, a 2-or 3-mm difference between the extracted landmark level in one of the time points resulted in big diameter differences at 2 cm below the landmark level at the ascending aorta (in average 3.7 ± 0.5 mm). This is due to the aortic anatomy at the sinotubular junction where the aorta below this level is on average 3 mm larger than above [31] . In 5 out of 35 cases, there was more than 6-mm difference between the extracted landmark levels from the two time points, leading to a diameter measurement at very different levels along the entire aorta being compared (in average 3.4 ± 0.5 mm). The remaining 13 out of 35 cases appeared to have a slightly larger diameter at one of the time points (in average 3.7 ± 0.7 mm), possibly due to the aortic size changes during the cardiac cycle. In 37 out of 72 cases (51.4%), the average diameter difference (3.6 ± 0.6 mm) was due to segmentation error which mainly occurred at the aortic arch which was due to branching arteries, or was at the ascending aorta below the pulmonary artery bifurcation level which was due to heart motion artifacts caused by the non-ECG-gated data.
Discussion
We presented a fully automatic method to segment the thoracic aorta and measure aortic diameters. In our evaluation on 100 non-ECG-gated, non-contrast CT scans, the 3D segmentation algorithm performed well with an average segmentation overlap of 0.95 ± 0.01 and a mean surface distance between manual and automatic segmentations of less than 1 voxel (0.56 mm).
The agreement with diameters obtained from manual segmentations was high, with an overall ICC of 0.97 and an average per-level ICC of 0.91 ± 0.03, which is similar to the agreement reported between observers in [32] (ICC = 0.94). The manual diameters were on average approximately 1 mm larger than automatic diameters. This bias is similar to interobserver bias reported in [33] for mid-ascending aorta diameter measurement on CTA. Scan-rescan repeatability was high, with an overall ICC of 0.98 and an average per-level ICC of 0.94 ± 0.01. Measuring levels as in Table 2 ICC intra-class correlation Fig. 5 Absolute difference between the aortic diameters obtained from automated and manual 3D segmentations. From left to right, diameters measured at the different levels along the aorta from 2 cm below the pulmonary artery bifurcation level (0 cm) at the ascending aorta (AA) to 3 cm below the pulmonary artery bifurcation level at the descending aorta (DA). The box plot shows the median (red line), interquartile range (boxes), the 99.3% coverage of the data (whiskers), and the outliers (+ symbol)
The mean ascending aorta diameters measured at the pulmonary artery bifurcation level were 36.7 ± 3.5 mm for males and 33.9 ± 3.3 mm for females. These values are similar to those reported by Kalsch et al [3] (37.1 ± 4 mm for males and 34.5 ± 4 mm for females), while they were slightly greater than those reported by Wolak et al [34] (33.5 ± 4 mm for males and 31.4 ± 3 mm for females). These differences may be due to differences in the study populations, CT scan protocol, and measurement approach.
A significant diameter increase of on average 0.11 ± 1.0 mm was measured in repeated scans after 1 year. This agrees well with reported natural yearly aortic diameter growth of 0.1-0.2 mm per year in the healthy population [3, 30] . In 12% of repeat scan pairs (72 subjects), diameter changes larger than Fig. 6 Bland-Altman plots for each measuring level from 2 cm below the pulmonary artery bifurcation in the ascending aorta (AA) until 3 cm below this level in the descending aorta (DA). The measuring level, limits of agreement, and the mean difference are displayed on the plots 3 mm were observed. In the majority of these cases (44 subjects), large diameter differences occur at the ascending aorta beneath the landmark level which is due to the anatomy and the difficulty of measuring these regions. Due to motion artifacts in the non-ECG-gated scans, segmentation of the proximal part of the aorta including the aortic root is difficult even for experienced radiologists. However, although isolated aortic root aneurysms are seen in patients with Marfan syndrome [9] , it is less common than aneurysms of the ascending aorta more distal to the aortic root. Therefore, the aortic root segmentation is less important in our application than the ascending aorta. In the remaining 28 cases, the large diameter difference was either in the aortic arch (15) or in the descending aorta (8) or at multiple locations due to error in the extraction of the pulmonary artery bifurcation level (5) . Diameters measured at the aortic arch were visually correct; however, slightly larger diameters were measured at the location of branching arteries. In descending aorta, the large diameter differences were mainly due to segmentation error.
In contrast with our study, in literature, most methods for automatic aorta segmentation were evaluated on CTA in which the aortic lumen is much more clearly visible [10] [11] [12] [13] [14] . Few methods were proposed to segment the aorta in non-contrast CT [15] [16] [17] [18] [19] . Compared to these previous works, shown in Table 5 , our proposed method is evaluated on a larger dataset and shows better performance.
We proposed to measure aortic dimensions at fixed intervals with respect to a single anatomical landmark level, the pulmonary artery bifurcation. In clinical practice, multiple anatomical landmarks including locations in the aortic arch are used instead for reporting aortic diameters in CTA [8, 9, 35] . However, consistently extracting these landmarks especially in non-ECG-gated CT is difficult. Moreover, the aorta diameter is poorly defined at the locations of the brachiocephalic artery, left-common carotid artery, and left-subclavian artery. Consistent measurements in the arch require landmark points in between branches that are not affected by this issue; however, detecting such points automatically and robustly in non-contrast CT scans is difficult. Furthermore, aortic dilatation is less common in the arch than in the ascending and descending aorta. Therefore, in this paper, we focus on the ascending and descending aortas which clinically are of more interest. In non-contrast CT, diameters have been mainly measured at the pulmonary artery bifurcation level [2, 3, 34, 36, 37] . The measuring levels used in our study approximately cover the same area used in CTA [8, 9, 35] but are easier to extract reliably in non-contrast and non-ECG-gated CT.
A limitation of our study is that the method was validated only on a relatively healthy screening population. Further investigation would be required to evaluate the performance on abnormal aortic shapes or large aneurysms. However, in all cases with aortic dilatation as indicated in the original radiology reports, the obtained segmentation was correct. In our data, calcification in the aorta was assessed by the Agatston score [38] . Visual inspection of the scans with Agatston score higher than 1500 for the entire aorta (58 out of 742 subjects) showed that the proposed method segmented the calcifications correctly inside the vessel wall in all cases.
The proposed automatic method is a promising technique to accurately and reproducibly assess subtle signs of aorta dilatation in non-ECG-gated, non-contrast CT scans without any human interaction and could be used for efficient screening for aortic dilatation as well as for monitoring of aortic change in clinical practice as part of a comprehensive CT analysis including lung screening. Measuring levels as in Table 2 ICC intra-class correlation 
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